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In Brief
Kochubey et al. demonstrate a developmental Syt1 to Syt2 isoform switch at the calyx of Held synapse. The results suggest that major presynaptic proteins can be exchanged during brain development and explain the initial survival of conventional Syt2 knockout mice.
INTRODUCTION
Fast information transfer between neurons is mediated by the process of chemical synaptic transmission. Nerve terminals contain a highly specialized vesicle fusion machinery consisting of SNAREs and associated proteins, to translate the action potential (AP)-driven rise of presynaptic Ca 2+ into a precise and fast phase of transmitter release Sabatini and Regehr, 1996; Sü dhof, 2013; Schneggenburger and Rosenmund, 2015) . Synaptotagmins (Syts), a family of Ca . Gene deletion studies have shown that inactivation of the Syt1 gene abolishes fast release in mice and in Drosophila synapses (Littleton et al., 1993; Geppert et al., 1994; Yoshihara and Littleton, 2002; Nishiki and Augustine, 2004) . Multiple lines of evidence show that Syts are Ca 2+ sensors for fast vesicle fusion. Thus, a highly nonlinear Ca 2+ sensing mechanism found in neurons and secretory cells (Thomas et al., 1993; Heidelberger et al., 1994; Heinemann et al., 1994; Bollmann et al., 2000; Schneggenburger and Neher, 2000) is abolished upon genetic deletion of Syt1, or modified when point mutations are introduced at critical sites (Ferná ndez-Chacó n et al., 2001; Yoshihara and Littleton, 2002; Sørensen et al., 2003; Sun et al., 2007; Kochubey and Schneggenburger, 2011) . Interestingly, a large number of Syt genes is present in the genome of mammals ($17; Craxton, 2010) ; amongst these proteins, Syt1, 2, 3, 5, 6, 7, 9 , and 10 bind Ca 2+ . Syts are differentially expressed between tissues and can therefore mediate physiologically different forms of release across secretory systems. For example, Syt1 and Syt7 are Ca 2+ sensors for catecholamine release in chromaffin cells (Voets et al., 2001; Schonn et al., 2008) , and Syt10 was shown to mediate IGF-1 release from the somatodendritic compartment of olfactory neurons (Cao et al., 2011) . For fast transmitter release at brain synapses, Syt2, an isoform gene present in many vertebrates (Craxton, 2010) , has to be considered in addition to Syt1. Syt2 has a high sequence homology to Syt1 and is, in general, expressed in hindbrain areas (Geppert et al., 1991; Berton et al., 1997; Pang et al., 2006a) . Consistent with the expression data, genetic deletion of Syt2 suppresses fast release at the calyx of Held and at the neuromuscular junction (Pang et al., 2006a; Sun et al., 2007; Kochubey and Schneggenburger, 2011; Wen et al., 2010) . In rescue experiments in cultured forebrain neurons, only Syt1, Syt2, and Syt9 were able to recover the release phenotype of Syt1 KO mice, a finding which identified Syt9 as a putative Ca 2+ sensor for release besides Syt1 and Syt2 (Xu et al., 2007) . Since several Syt proteins can act as fast Ca 2+ sensors, it is possible that Syts function redundantly in synaptic transmission, or that Syts are exchanged against each other during the development of a given nerve terminal. However, these possibilities have so far received little attention (but see Cooper and Gillespie, 2011) . During brain development, synaptic connections are structurally and functionally adapted to fulfil the specific computational needs of the circuits in which they are embedded. A good example is the highly specialized calyx of Held synapse in the auditory brainstem, a synapse formed between a subtype of bushy cells of the ventral cochlear nucleus (VCN) and a principal neuron of the medial nucleus of the trapezoid body (MNTB) (Borst and Soria van Hoeve, 2012) . The formation of the calyx synapse essentially proceeds in three steps. First, small excitatory synapses are established onto MNTB neurons at around birth; we will refer to these synapses as ''pre-calyceal synapses'' (legend continued on next page) ( Figure 1A ) (Hoffpauir et al., 2010) . Second, at postnatal days 2-3 (P2-P3), pre-calyceal synapses grow in an abrupt process, and competing synapses are eliminated (Hoffpauir et al., 2006; Rodríguez-Contreras et al., 2008; Xiao et al., 2013) . Third, following the establishment of the one-to-one connectivity, further refinement in the structure and function of the calyx synapse occur, which together with the large terminal size optimizes fast APmediated transmitter release and rapid postsynaptic depolarization (Iwasaki and Takahashi, 1998; Taschenberger et al., 2002; Fedchyshyn and Wang, 2005; see Borst and Soria van Hoeve, 2012 , for review and further references). However, the possibility of developmental isoform switches of major presynaptic proteins involved in release control at this synapse have so far received little attention. The calyx synapse, which can be unambiguously identified in physiological recordings throughout postnatal development, should be an ideal model system to study expression changes of presynaptic proteins and their functional consequences.
Here, we demonstrate a Syt isoform switch at an identified synapse, the calyx of Held. We found that fast transmitter release at pre-calyceal synapses was independent of Syt2 removal and that in the following 1 to 2 weeks of development the release phenotype of Syt2 KO mice develops gradually. This developmental dependence called for an additional Ca 2+ sensor expressed early postnatally. Using a novel floxed allele of Syt1, we show that a majority of fast release of pre-calyceal synapses depends on Syt1. Similarly, a fast release component in immature calyces of Syt2 KO mice was significantly reduced upon additional genetic inactivation of Syt1. On the other hand, Syt9 did not have a detectable contribution to Ca 2+ -evoked release early postnatally. Thus, our study demonstrates a functional Syt1 to Syt2 isoform switch during the development of an identified CNS synapse.
RESULTS

Fast Release from Pre-Calyceal Synapses Does Not Depend on Syt2
Syt2 is a Synaptotagmin isoform widely expressed in caudal brain regions such as brainstem, cerebellum, spinal cord, and neuromuscular junction (Geppert et al., 1991; Marquè ze et al., 1995; Berton et al., 1997; Fox and Sanes, 2007) , and Syt2 KO mice perish after 2-3 weeks of age (Pang et al., 2006a) . However, newborn Syt2 KO mice are indistinguishable from their littermate controls, and the motor deficits and the body weight loss in Syt2 KO mice develop progressively during the first 2 postnatal weeks (Pang et al., 2006a) . Therefore, it is possible that synapses in the caudal brain regions become critically dependent on Syt2 only during postnatal development. Given that the calyx of Held projection is located in the hindbrain and utilizes Syt2 as its major presynaptic Ca 2+ sensor at $2 weeks of age, we hypothesized that early in development transmitter release at this synapse might be less dependent on Syt2.
To verify this hypothesis, we used a conventional Syt2 KO mouse (Pang et al., 2006a) and investigated its release phenotype at different developmental stages of the calyx synapse (see Figure 1A for a scheme; see Introduction for references).
We first recorded fiber-stimulation-evoked EPSCs in MNTB neurons of Syt2 KO mice and their littermate control mice at postnatal days P2 to P3. Surprisingly, we found EPSCs with similar peak amplitudes and rise times in Syt2 KO mice (Syt2 ; Figures 1B-1D ). The frequency and amplitude of spontaneous EPSCs, which can be regarded as miniature EPSCs (mEPSCs), were also unchanged ( Figures 1B, 1C , and 1E).
We next investigated whether postnatal development of the calyx of Held synapse would gradually reveal the Syt2 KO phenotype. At P5 to P6, we observed large EPSCs which depended in an all-or-none fashion on stimulus intensity (not shown), showing that these EPSCs arise from single calyx of Held inputs. At this age, the EPSC rise times were significantly faster than at P2 to P3, consistent with a developmental speeding of transmitter release (Taschenberger et al., 2002; Fedchyshyn and Wang, 2005; Leã o and von Gersdorff, 2009) . At P5 to P6, the EPSC amplitude was significantly reduced in Syt2 KO mice as compared to control ($4-fold; Figures 1F-1H; p < 0.05). Furthermore, the EPSC rise times were $2-fold slowed in Syt2 KO synapses ( Figure 1H ; p < 0.001). The frequency of spontaneous events was $7-fold higher in Syt2 KO mice than in control mice, but the mEPSC amplitude was unchanged ( Figures 1F, 1G , and 1I). Thus, in contrast to P2 to P3 synapses, Syt2 is required at P5 to P6 to support fast synchronous release and to clamp spontaneous release. However, there is still a significant amount of phasic, AP-evoked release that remains ($20%; Figures 1G and 1H) .
We hypothesize that AP-driven release at P2 to P3 does not show a requirement for Syt2 because this isoform is not expressed at this stage of development. To test this, we performed immunohistochemistry with an anti-Syt2 antibody, using VGlut2 as a marker for glutamatergic terminals ( Figure 1J ). At P0, we observed small VGluT2-positive puncta but no large calyx-type synapses, indicating the presence of only small pre-calyceal synapses at this age (Hoffpauir et al., 2006; Rodríguez-Contreras et al., 2008; Xiao et al., 2013) . These terminals were virtually devoid of Syt2 ( Figure 1J , top). At this age, we noticed VGluT2 puncta expressing Syt2 only at the medial extremity of the (D and E) Summary plots of peak EPSC amplitudes and 20%-80% EPSC rise times (D), and of mEPSC frequencies and amplitudes (E) at P2 to P3. Here and in subsequent panels, gray and red color codes are used for control and Syt2 KO, respectively. , and P5 wild-type mice (J1). The white boxes mark the areas displayed at higher magnification in (J2). Note the very low or absent Syt2 signal in VGluT2-positive, putative pre-calyceal terminals at P0 and P2, followed by strong Syt2 expression in immature calyces at P5. Scale bars are 10 and 2 mm in (J1) and (J2), respectively. Error bars represent SEM. See also Figure S1 .
MNTB ( Figure S1 ). At P2, there was still little or no Syt2 signal in VGluT2-positive nerve terminals. In contrast, at P5, elongated VGluT2-positive presynaptic structures representing immature calyces were present, and these terminals clearly expressed Syt2 ( Figure 1J , bottom). These data suggest a delayed expression onset of Syt2, at around the time when pre-calyceal synapses change their form and grow into large terminals. Figure 2A1 ), smaller and slightly more slowly rising EPSCs at P8-P10 ( Figure 2B1 ), and only slow release at P13-P15 ( Figure 2C1 ). This directly demonstrates that intrinsically fast transmitter release gradually disappears with development of Syt2 KO calyces, as opposed to a possible deficit in Ca 2+ channel-vesicle coupling, which has also been observed in Syt2 mutants (Young and Neher, 2009 ). We next analyzed the developmental disappearance of fast release in Syt2 KO mice by EPSC deconvolution to derive release rates ( Figures 2A2-2C2 ) ). In response to flashes which elevated [Ca 2+ ] i to 10-30 mM, peak release rates were about 100 ves/ms in immature calyx synapses (P5 to P6), dropped to $30 ves/ms at P8-P10, and were well below 10 ves/ms in mature calyces at P13-P15 ( Figures  2A2-2C2 and 2D ). The integrated release rate traces could be fitted with double exponential functions at P5 to P6, with a fast release component with time constant $3 ms accounting for $500 vesicles in these Syt2 KO synapses ( Figure 2A2 ; Figures  2E and 2F, gray bars). Note that this fast release component is somewhat slower, and clearly smaller than fast release observed in Syt2 wild-type calyces (not shown). Nevertheless, vigorous fast release is present in Syt2 KO calyces at P5 to P6, which then becomes slower and smaller, and finally disappears at $P13 ( Figures 2A2-2C2 and 2D-2F). At P13-P15, the cumulative release rate traces show a slow, sigmoidal rise ( Figure 2C2 ), indicating excessively slow release time constants of $280 ms (Figure 2C2 ; Figure 2E , open red bar). In parallel to the development of the fast release phenotype, the frequency of spontaneous release increased with development in Syt2 KO synapses . Together with the data in Figure 1 , this demonstrates that the Syt2 KO phenotype at the calyx of Held develops gradually. We hypothesize, therefore, that early on a fast Ca 2+ sensor different from Syt2 must be present, which is then gradually downregulated with postnatal development.
To investigate how the remaining Ca 2+ sensor influences the Ca 2+ sensitivity of release in Syt2 KO calyces, we next constructed dose-response curves of peak transmitter release in Syt2 KO calyces at two age groups (P5 to P6 and P13-P15; Figures 2H and 2I) . This is relevant because release remaining in Syt2 KO mice has been assigned to the action of a slow sensor (Sun et al., 2007) . At P13-P15, we found shallow dose-response curves, which could be fitted with a line with slope of 0.85 in double-logarithmic coordinates ( Figure 2H , gray data points). At P5 to P6, however, peak release rates were significantly higher, and a slope of 1.57 was found ( Figure 2H ). Thus, differences in the estimates of the Ca 2+ cooperativity of the remaining slow Ca 2+ sensor, which were $2 in the original study (Sun et al., 2007) but only $1 in subsequent studies (Kochubey and Schneggenburger, 2011; Babai et al., 2014) , are probably caused by differences in the age of the investigated Syt2 KO mice.
We further wished to study whether a loss of vesicle docking had contributed to the complete loss of the fast release component in Syt2 KO mice at P13-P15. A previous study has reported a function of Syt1 in vesicle docking in chromaffin cells (de Wit et al., 2009 ). We reconstructed entire active zones of calyx synapses using transmission electron microscopy and found no significant differences in the number of docked vesicles, in vesicle densities, or in active zone size between Syt2 KO and control ( Figure S2 ). This shows that Syt2 primarily functions as a Ca 2+ sensor for vesicle fusion but that Syt2 is not involved in vesicle docking, similar to the conclusion reached recently for Syt1 in hippocampal synapses (Imig et al., 2014) .
Syt9 Is Not a Ca 2+ Sensor at Immature Calyx Synapses
We next wished to identify which Ca 2+ sensor is used by the calyx of Held synapse of young mice. A previous single-cell qPCR study found that Syt9 is expressed in bushy cells of young rats (Xiao et al., 2010 ; Syt9 was referred to as Syt5 therein). Since Syt9 can, in principle, mediate fast release besides Syt1 and Syt2 (Xu et al., 2007) , we next wished to study the role of Syt9 early postnatally.
We first verified the developmental expression pattern of Syt1, Syt2, and Syt9 in the cochlear nucleus by qPCR ( Figure 3A ). We found that Syt9 was expressed early in development (P1, P3, and P6) and was downregulated thereafter, whereas Syt2 was initially weakly expressed, and then upregulated with postnatal development. Syt1 expression was stable; note, however, that expression on the mRNA level in the entire VCN is not necessarily equal to protein expression at specific output synapses. Nevertheless, the qPCR findings, together with immunohistochemical evidence ( Figure S3 ) and the previous single-cell qPCR results (Xiao et al., 2010) , suggest that Syt9 is initially expressed at detectable levels and is then developmentally downregulated.
To test the role of Syt9 as a Ca 2+ sensor at immature calyx synapses, we used a Syt9 KO mouse (Xu et al., 2007; see Experimental Procedures) . Syt9 protein levels as tested by western blot analysis in several brain regions were strongly reduced in Syt9 KO samples ( Figure 3B ). We next recorded fiber-stimulation evoked EPSCs in Syt9 KO mice and their control littermate mice at P1 to P2, to test the function of Syt9 at a developmental stage at which release was independent of Syt2 ( Figure 1 ). Evoked EPSCs had similar amplitudes and rise times in Syt9 KO mice and in Syt9 control mice ( Figure 3C -E). Interestingly, the mEPSC frequency had a tendency to be larger in Syt9 KO synapses (n = 26 recordings) as compared to wild-type synapses (n = 23), but the statistical significance of this difference was only suggestive (p = 0.051; Figure 3F ). Thus, Syt9 was clearly not necessary for evoked release and had only a subtle effect on release clamping at pre-calyceal synapses at P1-P2.
We next investigated whether the fast release component resistant to Syt2 KO in immature calyces at P5 to P6 (Figure 2 ) could be mediated by Syt9. For this purpose, we generated Figure 4 of Babai et al. (2014) . Error bars represent SEM. See also Figure S2 .
Syt2-Syt9 DKO mice by crossing the two lines. Syt2-Syt9 DKO mice were viable until at least P16, similar to the survival of Syt2 KO mice. We then made simultaneous presynaptic and postsynaptic recordings at the calyx synapse of young mice (P6-P8) and evoked transmitter release by pool-depleting presynaptic depolarizations of 50 ms. As expected from the Ca 2+ uncaging data (Figure 2 ), calyces in juvenile Syt2 KO mice showed a prominent fast release component resistant to the deletion of Syt2 (data traces not shown). However, this fast release component was also observed in Syt2-Syt9 DKO mice ( Figure 3G ). Neither the EPSC amplitudes nor their rise times were changed significantly ( Figure 3H ). Similarly, the parameters of fast and slow release as analyzed by EPSC deconvolution were unchanged in Syt2-Syt9 DKO mice as compared to the Syt2 KO mice alone ( Figures 3J and 3K) , and the amplitude of the presynaptic Ca 2+ current was unchanged (not shown). Similarly as in the P1 to P2 dataset, the mEPSC frequency was higher in the Syt9-Syt2 DKO mice as compared to Syt2 KO, but this difference did not reach statistical significance ( Figure 3I ; p = 0.0617). These results suggest that Syt9 is not a Ca 2+ sensor for release at the early postnatal calyx synapse, but a small clamping role of Syt9 remains possible (see Discussion). mRNA is expressed in hindbrain around birth (Berton et al., 1997) . To investigate Syt1 function at a mouse brain synapse in situ, it was necessary to use conditional genetic deletion of Syt1, since constitutive inactivation of Syt1 leads to perinatal lethality . We identified a novel floxed Syt1 mouse line ( Figure 4A ; see Experimental Procedures), which we crossed with the Krox20
Cre driver line (Voiculescu et al., 2000) , to create a Syt1 conditional KO (cKO) mouse specific for the auditory brainstem (Maricich et al., 2009; Han et al., 2011) .
We first recorded fiber-stimulation-evoked EPSCs in MNTB neurons from Syt1 cKO mice and their control littermate mice at P2. This revealed a clear role for Syt1 for phasic AP-evoked release early postnatally. The EPSC amplitude was significantly smaller, and the rise time of EPSCs was prolonged in Syt1 cKO mice as compared to littermate control mice (Figures 4B-4D) . Furthermore, the EPSCs in Syt1 cKO mice were visibly asynchronous ( Figure 4C ). To confirm this observation quantitatively, we first calculated the integral of the EPSCs, which was significantly smaller in Syt1 cKO mice ( Figures 4E1 and 4F) . We then analyzed the half-maximal rise time of the normalized charge transfer curves, which revealed a significant rightward shift, thus demonstrating the more asynchronous release quantitatively ( Figures  4E2 and 4G ). The mEPSC frequency was slightly, but significantly lower in Syt1 cKO mice as compared to control mice (p < 0.05; Figure 4H) ; the mEPSC amplitude was unchanged ( Figure 4H ). These findings strongly suggest that Syt1 is a Ca 2+ sensor at pre-calyceal synapses early in development (P2), at a time when there is no detectable role for Syt2 (see Figure 1) . However, Syt1 did not suppress spontaneous release in the pre-calyceal synapses. This indicates that another release clamping mechanism, maybe in part contributed by Syt9, could act in recently developed synapses (see Discussion).
To further validate the role of Syt1 at the calyx of Held synapse early in development, we tested whether the protein is present at the calyx. Previous immunohistochemistry studies did not find detectable Syt1 proteins levels at the calyx of Held (Fox and Sanes, 2007; Sun et al., 2007; Xiao et al., 2010; Cooper and Gillespie, 2011) . However, functionally relevant amounts of Syt1 protein might be present at low levels, and difficult to detect by immunofluorescence. We performed immunohistochemistry with an anti-Syt1 antibody in immature calyces at P5, using both control mice and the Syt1 cKO mice to validate the significance of low immunofluorescence signals. In control mice, many calyces identified by VGluT2 immunofluorescence showed a weak but detectable Syt1 signal (see Figures 5A1 and 5A2; see arrows for examples). In contrast, in the Syt1 cKO littermate mouse at P5, we did not detect VGluT2 presynaptic profiles that showed a clearly identifiable Syt1 signal ( Figures 5B1 and  5B2 ). To quantify these observations, we measured the Syt1 signal in VGluT2-positive calyceal profiles (see Supplemental Experimental Procedures). This revealed a significant reduction of Syt1 immunofluorescence in the Syt1 cKO mouse as compared to the control mouse ( Figure 5C ; p < 0.001, Kolmogorov-Smirnoff test).
The finding that the Syt1 immunofluorescence signal in immature calyces was weak does not reflect technical difficulties, or a weak specificity of the antibody. First, the observation that the immunofluorescence signal was sensitive to genetic inactivation of Syt1 was repeated in another pair of wild-type and Syt1 cKO littermate mice with the same antibody ( Figure S4) . Second, the presence of small punctae-like synapses with strong Syt1 signal ( Figures 5A1 and 5B1) , as well as the clear detection of Syt1 in rescue experiments by this antibody (see below; Figure S5 ), validate the quality of the antibody and the immunohistochemistry protocols. Taken together, immunohistochemistry shows a low but detectable Syt1 immunofluorescence in immature calyces, which is sensitive to conditional removal of Syt1 protein.
Conditional Syt1-Syt2 DKO Calyces Have Abolished Fast Release
We found that Syt1 is responsible for a majority of phasic APevoked release at pre-calyceal synapses at P2 (Figure 4) , and there was a detectable Syt1 immunofluorescence signal in recently formed calyces at P5 ( Figure 5 ). The latter finding suggests that Syt1 continues to function in immature calyces, where it might mediate the fast release component that is insensitive to genetic deletion of Syt2 (Figures 2 and 3) . To investigate this possibility, it was necessary to create Syt1-Syt2 conditional DKO mice (called cDKO mice below). However, Syt1-Syt2 cDKO mice, created by breeding Syt1 lox/lox , Syt2 +/À and Krox20 +/Cre mice, showed perinatal lethality (see Experimental Procedures). We therefore used virus-mediated Cre expression to recombine the floxed Syt1 locus in a spatially restricted manner in the VCN. An adenovirus driving the expression of both eGFP and Cre recombinase ( Figure 6A ) was injected at P0 to P1 into the VCN of Syt1 lox/lox /Syt2 À/À mouse pups; a construct driving the expression of eGFP was sometimes used as a control. We then made paired recordings from immature calyx of Held synapses at P7. This age was chosen to allow for sufficient time for construct expression, while limiting the developmental downregulation of the residual fast release seen in the Syt2 KO mice (see above; Figure 2 ). Using this approach, we found a significant contribution of Syt1 to the fast release component that remained in immature Syt2 KO calyces (Figures 6B-6D) . In a control calyx of a Syt2 KO mouse (a non-infected calyx in a Syt1 lox/lox , Syt2 À/À mouse injected with the Cre-expressing virus; Figure 6B , white arrow), a vigorous fast release component was observed (Figures 6C1  and 6C2 ; black traces). Conversely, a recording from a neighboring GFP-positive calyx (thus, a Syt1-Syt2 cDKO calyx; Figure 6B , red arrow) showed a much smaller fast EPSC component, without apparent change of the presynaptic Ca 2+ current ( Figure 6C1 , red traces). Across all recordings, the peak EPSC amplitude, which is mainly caused by fast release, was reduced more than 2-fold ( Figure 6D ; p < 0.001), and the EPSC rise time was slightly prolonged ( Figure 6D ; p < 0.05). However, the presynaptic Ca 2+ current amplitudes and kinetics were unchanged ( Figure 6E ), nor was the Ca 2+ current charge changed (p = 0.64; not shown). Deconvolution analysis revealed an $3-fold lower peak release rate ( Figures 6C2 and 6F ) and $3-fold smaller amplitude of the fast release component (Figure 6C2 , bottom; Figure 6G ). The number of vesicles released in the fast component was significantly reduced, while the time constant of the remaining fast release component was not changed significantly ( Figure 6H ). Interestingly, the time constant of the slow-release component increased from $150 to $300 ms in the Syt1-Syt2 cDKO calyces ( Figure 6I ), converging to the value of slow release observed in Syt2 KO mice at P13-P15 (see above; Figure 2C ). This indicates that the ''fast'' Ca 2+ sensors Syt1 and Syt2 also determine release speed from a slowly releasable vesicle pool ; see Discussion). On the other hand, neither the frequency nor the amplitude of spontaneous mEPSCs were changed significantly in the Syt1-Syt2 cDKO calyces ( Figures 6C3 and 6J Stereotactic injections of adenoviral vectors were made at P6 into the VCN of Syt2 KO mice (Experimental Procedures). Paired presynaptic and postsynaptic recordings were performed 7 to 8 days later (at P13-P15) to allow for sufficient time for protein expression and for the full development of the Syt2 KO phenotype. Control recordings in Syt2 KO mice at P13-P15 showed, as expected, exceedingly slow and small EPSCs (Figure 7A) . Rescue with the Syt1 and Syt2 constructs led to the re-appearance of large ($30 nA) and fast-rising EPSCs in response to presynaptic pool-depleting stimuli ( Figures 7B and  7C ). These EPSCs were significantly, about 15-fold larger than those of Syt2 KO controls (p < 0.001; Figure 7E ). Re-expression of Syt9 led to a partial rescue with EPSC amplitudes of about 15 nA ( Figures 7D and 7E ). The amplitude of mEPSCs, and the presynaptic Ca 2+ currents, were unchanged across all four groups ( Figures 7F and 7G) . These results suggest that re-expression of Syt1 or Syt2 rescues the Ca 2+ sensitivity of vesicle fusion, without acting via a change in quantal amplitude or presynaptic Ca 2+ current amplitude.
We next performed a quantitative analysis of transmitter release rates and release time constants by deconvolving EPSCs, first concentrating on possible differences between Syt1 and Syt2 ( Figures 7H and 7I) . Re-expression of Syt1 or Syt2 both rescued the fast-and the slow-release component (Figures 7B and 7C ; middle), with time constants of $1-1.5 ms and of $20-30 ms ( Figures 7H and 7I ). These parameters, and the amount of vesicles released in the fast and in the slow component were not significantly different for Syt1 versus Syt2 rescue ( Figures 7H and 7I ). The mEPSC frequency, which was elevated to $35 Hz in Syt2 KO synapses, was reduced to $3 Hz by Syt2 re-expression; this clamping effect was slightly smaller upon Syt1 re-expression ($5 Hz; Figure 7J ), but this difference was not statistically significant (p = 0.24). Taken together, the kinetic parameters of fast release and the number of released vesicles seemed indistinguishable between Syt1 and Syt2 rescue.
We finally also analyzed the rescue efficiency of Syt9. A previous paper showed that Syt9 could rescue the fast release deficit of cultured synapses from Syt1 KO mice, albeit with slower kinetics (Xu et al., 2007) ; however, another report did not observe rescue activity of Syt9 (Dean et al., 2012) . Therefore, our data obtained in a different system might help reconcile previous differences. In Syt9 rescue experiments, we found clear rescue activity in all but one of the recorded GFP-positive calyces (n = 23/ 24 recordings). However, EPSC amplitudes in response to pooldepleting presynaptic depolarizations were about 2-fold smaller upon rescue with Syt9 as compared to Syt1 and Syt2 (p < 0.01 and 0.001; see Figure 7E ), and EPSC rise times were slower. Deconvolution analysis showed a fast release time constant of $2.5 ms upon Syt9 rescue, significantly slower than rescue with Syt1 ( Figure 7H) . Similarly, fewer vesicles were released in both the fast-and the slow-release component upon Syt9 rescue as compared to rescue with Syt1 and Syt2, but these differences only reached statistical significance for the comparison of A fast with Syt1, and A slow with Syt2 ( Figures 7H and 7I) . In immunohistochemical experiments with the Myc-tagged Syt9 construct and also using an anti-Syt9 antibody, recombinant Syt9 protein was clearly present in transduced (GFP-positive) calyces of Held, but a lower expression density as compared to the recombinant Syt1 protein cannot be excluded at present ( Figure S5 ). Thus, rescue experiments suggest that Syt9 can, in principle, act as a Ca 2+ sensor for fast release (Xu et al., 2007) , but it remains possible that Syt9 is targeted less efficiently to presynaptic nerve terminals (Dean et al., 2012) .
DISCUSSION
Using mouse genetics, immunohistochemistry, virus-mediated transgenesis at specific synapses, and electrophysiological recordings, we show that synaptic transmission at a developing hindbrain synapse depends on Syt1 early postnatally but later switches to Syt2. Despite detectable expression of Syt9 and the ability of this isoform to rescue fast release at least partially, genetic deletion of Syt9 did not show a role of this isoform as a Ca 2+ sensor early postnatally. Thus, our data reveal a developmental Syt1 to Syt2 isoform switch at an identified CNS synapse. This developmental isoform switch might influence release probability or presynaptic plasticity, although rescue experiments revealed only subtle differences in the release kinetics between Syt1 and Syt2. Our analysis also suggests that the expression levels of Syt1 and/or Syt2 determine the intrinsic speed of transmitter release.
Previous work showed that Syt2 is expressed in hindbrain areas (Berton et al., 1997; Pang et al., 2006a) and that genetic deletion of Syt2 abolishes fast release at the calyx of Held synapse (Sun et al., 2007; Kochubey and Schneggenburger, 2011) . Nevertheless, given the central role of hindbrain areas in breathing, feeding and autonomic control of body functions (Kandel et al., 2013) , it remained puzzling that Syt2 KO mice survive until $2 weeks, if Syt2 should be the only fast Ca 2+ sensor at most hindbrain and spinal cord synapses. Our study offers an explanation for this conundrum by showing that release at a large hindbrain synapse, the calyx of Held, does in fact not depend on Syt2 early postnatally but, rather, on Syt1. This result was initially surprising given that Syt1 was previously not detected in the calyx (Pang et al., 2006b; Fox and Sanes, 2007; Sun et al., 2007; Xiao et al., 2010; Cooper and Gillespie, 2011) . However, we found a weak Syt1 immunofluorescence signal in immature calyces, which was sensitive to genetic inactivation of Syt1 (Figure 5 ). More importantly, conditional removal of Syt1 largely abolished fast AP-evoked release in pre-calyceal synapses, demonstrating a functional role of Syt1 at a recently formed hindbrain synapse. Nevertheless, our work does not exclude the possibility that other non-identified Ca 2+ sensor(s) contribute to release early on. A role of Syt1 as a fast Ca 2+ sensor early postnatally in hindbrain is consistent with a developmental expression study, which found that Syt1 mRNA is present in many brain areas (including the hindbrain) already at birth, whereas Syt2 was more limited to hindbrain and midbrain and had a delayed expression onset (Berton et al., 1997) . Previous studies also observed a reciprocal expression regulation of Syt1 and Syt2 mRNAs during embryonic development in chick ciliary ganglion and lumbar spinal cord (Lou and Bixby, 1995; Campagna et al., 1997) . Another study found partially reduced release at the NMJ In these rescue experiments, adenoviral particles driving the expression of MycSyt1/2/9 were injected into the VCN of Syt2 KO mice at P6, and paired pre-and postsynaptic recordings were made at P13-P15. of Syt2 KO mice, but the Ca 2+ sensor of the remaining fast release was not identified (Pang et al., 2006a) . Taken together, a picture emerges in which transmitter release at hindbrain synapses initially depends on Syt1, whereas Syt2 has a delayed expression onset by a few days, and then replaces Syt1.
We used a novel floxed allele to study the role of Syt1 for transmitter release ''in situ''-that is, at synapses formed in the developing mouse brain. Because of perinatal lethality, studies with the conventional Syt1 KO mice have been limited to cultured neurons Nishiki and Augustine, 2004; Maximov and Sü dhof, 2005; Kerr et al., 2008) . Interestingly, it is possible that the perinatal lethality of conventional Syt1 KO mice largely results from the requirement of Syt1 at hindbrain synapses early postnatally, which we have uncovered here for the calyx synapse. In a previous study, the role of Syt1 for GABA release from hippocampal basket cells was studied; lethality was circumvented by using organotypic cultures. Only a small contribution of Syt1 to phasic GABA release was found, which suggested a primary role of another, non-identified Ca 2+ sensor (Kerr et al., 2008) . There is immunohistochemical evidence for the expression of Syt2 at GABAergic terminals of parvalbumin (PV)-expressing interneurons, and Syt2 expression is developmentally upregulated in these cells (Okaty et al., 2009; García-Junco-Clemente et al., 2010; Sommeijer and Levelt, 2012) . Thus, an isoform switch toward Syt2 could also occur in PV interneurons, but this possibility has yet to be demonstrated functionally. The transcriptional regulatory networks that control the expression of Syt1 and Syt2 are beginning to be investigated Lucas et al., 2014) , but more work is clearly needed to establish these mechanisms.
We initially suspected that Syt9 could be a Ca 2+ sensor early postnatally, because this isoform is expressed early on but then downregulated with further development (Figure 3) (Xiao et al., 2010) . We found that Syt9 rescued the strong release phenotype of mature Syt2 KO calyces at least partially, thus confirming and extending a previous study in cultured neurons (Xu et al., 2007) . However, genetic deletion did not reveal a function of Syt9 as a Ca 2+ sensor for release at the immature calyx (Figure 3) . It is possible, however, that Syt9 contributes to release clamping in synapses of young mice, because mEPSC frequencies were slightly increased in two independent datasets obtained in young mice (Figure 3) . A previous study showed that Syt9 KO reduced phasic GABA release in cultured striatal neurons (Xu et al., 2007) , but our study did not reveal a role of Syt9 in Ca 2+ -evoked release. Overall, the physiological role of Syt9 needs further investigation. Syt9 was found more strongly expressed in hypothalamus, accumbens, striatum, and olfactory bulb (Xu et al., 2007 ; http://mouse.brain-map.org) and thus could function more specifically in these brain areas.
Is there a functional advantage for hindbrain synapses, or in general, for fast-releasing synapses to switch their expression from Syt1 to Syt2? Using virus-mediated rescue of the Syt2 release phenotype at mature calyces, we found that the release kinetics conferred by Syt1 and Syt2 were not significantly different (Figure 7 ). This finding does not agree with a rescue study in cultured Syt1 KO neurons, which found significantly faster synaptic currents following rescue by Syt2 as compared to Syt1 (Xu et al., 2007) . On the other hand, Syt2 rescue in chromaffin cells led to slower release than rescue with Syt1 (Nagy et al., 2006) . Also, a previous in vitro study found slightly faster disassembly kinetics for Syt1 as compared to Syt2 (Hui et al., 2005) . Therefore, the view that Syt2 confers faster release kinetics than Syt1 (Xu et al., 2007) is not justified by our data nor by other previous studies. However, it remains possible that in the cortical inhibitory synapses used in the rescue experiments of Xu et al. (2007) , Syt2 indeed confers faster release than Syt1.
Although we did not observe differences in the release kinetics between Syt1 and Syt2 at the calyx of Held (Figure 7 ), other functional differences between the two isoforms might contribute to the biological significance of the isoform switch. Thus, Syt1 contains a phosphorylation site for CaMKII and PKC that is absent in Syt2 (Hilfiker et al., 1999; Nagy et al., 2006) . The function of this site in presynaptic plasticity has not been investigated, but it is conceivable that Syt2 confers a release machinery with less presynaptic plasticity and/or modulation, which might be advantageous for more reliable information transfer at fastreleasing synapses. A differential activity of Syt1 versus Syt2 in supporting vesicle endocytosis might also be envisaged, although there are no indications yet for possible differential binding activities of Syt1 and Syt2 to endocytic adaptor proteins like AP-2 or stonin-2 (Ullrich et al., 1994; Martina et al., 2001) . Also, there are other presynaptic proteins that undergo a developmental expression change at the calyx synapse, including the Ca 2+ channel a subunits (Iwasaki and Takahashi, 1998) , the filamentous protein Septin-5 (Yang et al., 2010) , and Complexin1 and 2 isoforms (Chang et al., 2015) . Therefore, it is possible that molecular interaction partners that are specific for a given developmental stage act in concert and further optimize the function of Syt2 expressed at the more mature calyx of Held synapse. Our study also allows us to draw conclusions on the mechanisms that can regulate the intrinsic kinetics of transmitter release, that is, the release kinetics at a given increase in intracellular Ca 2+ concentration (Wö lfel et al., 2007) . In the complete absence of Syt1 and Syt2 (in Syt2 KO mice at $P14), release evoked by Ca 2+ uncaging and by presynaptic depolarization was excessively slow ($250-300 ms; Figures 2 and 7) . In addition, the speed of both the fast-and the slow-release component were slowed in immature Syt2 KO mice, in which only low levels of Syt1 remained (Figure 2 ). Re-expression of either Syt1 or Syt2 effectively re-established both the fast-and the slow-release component and their kinetics (Figure 7) . Thus, both release components depended on Syt1 or Syt2; this is different from chromaffin cells, where Syt1 deletion more selectively reduced the fast component (Voets et al., 2001 ). More generally, the indicates no statistical significance (p > 0.05). The individually analyzed parameters were: peak EPSC amplitudes and EPSC rise times (E), mEPSC amplitudes (F), presynaptic Ca 2+ current amplitudes (G), fast release time constants and number of vesicles released in the fast component (H), slow release time constants and number of vesicles released in the slow component (I), and mEPSC frequency (J). Note that the Syt2 KO synapses showed no fast release component. Error bars represent SEM. See also Figure S5 . modulation of release speed by the expression level of residual Syt1 suggests that the intrinsic speed of release is a function of the Syt1 (or Syt2) abundance at the release machinery. This conclusion is analogous to the results found with titrated expression of SNAP-25 in chromaffin cells (Mohrmann et al., 2010) . Thus, the expression strength and the copy number of Syt1/2 proteins or SNARE proteins contribute to determining the intrinsic speed and probability of transmitter release in a synapse.
EXPERIMENTAL PROCEDURES Ethics Statement
All procedures of mouse breeding, handling, surgery, and sacrifice for slice electrophysiology and immunohistochemistry were approved by the Veterinary office of the Canton of Vaud, Switzerland (authorizations 1880 , 2063 .
Synaptotagmin KO Mouse Lines
The Syt2 KO mouse line (RRID: MGI_3696550) was the same as described originally in Pang et al. (2006a) ; these mice were elevated in heterozygous breeding. The Syt9 À/À mice were originally described by Xu et al. (2007) 
Adenovirus Vectors and Stereotactic Surgery
For Cre-expression for conditional removal of the floxed Syt1 allele (Figure 6 ), we used a second generation adenoviral vector (Ad: HSyn1: eGFP-IRES-Cre), which was injected stereotaxically into VCN of newborn mice at P0/P1 (see also Genç et al., 2014) . For the Syt1, Syt2, and Syt9 rescue experiments in calyces of Held of Syt2 KO mice, we used the same second generation adenoviral vector, which now drove the expression of GFP and either one of the three Myc-tagged Syts (Ad: HSyn1 -eGFP : HSyn1 -MycSyt1/2/9; respective database identifiers: Genbank: NM_001252341.1, NM_012665, NM_016908.2). Stereotaxic injections were made at P6 into the VCN (Kochubey and Schneggenburger, 2011). More details can be found in Supplemental Experimental Procedures for expression constructs, viral vectors and stereotaxic surgery.
Slice Electrophysiology
Whole-cell patch-clamp recordings were made from MNTB neurons, or in double recordings of MNTB neurons and their presynaptic calyx of Held, using 200-mm-thick native brainstem slices (Kochubey and Schneggenburger, 2011) . Details on the slicing procedures, electrophysiological measurements, Ca 2+ uncaging, and electrophysiological data analysis can be found in Supplemental Experimental Procedures for Slice electrophysiology and Ca 2+ uncaging.
qPCR, Immunohistochemistry, and Western Blot Analysis
The protocols for qPCR analysis, for immunohistochemistry and image analysis, and for western blot analysis are given in Supplemental Experimental Procedures for qPCR, immunohistochemistry, and western blot.
Statistical Analysis
Statistical significance was assessed with a two-tailed Student's t test, or using Kolmogorov-Smirnov test when indicated. Significance levels are indicated in bar graph summary plots according to the convention: * p < 0.05, ** p < 0.01, and *** p < 0.001. Error bars indicate the SEM. 
SUPPLEMENTAL INFORMATION
